Primordial Black Holes and Secondary Gravitational Waves from Higgs
  field by Yi, Zhu et al.
Primordial Black Holes and Secondary Gravitational Waves from
Higgs field
Zhu Yi,1, ∗ Yungui Gong,2, † Bin Wang,3, ‡ and Zong-hong Zhu1, §
1Department of Astronomy, Beijing Normal University, Beijing 100875, China
2School of Physics, Huazhong University of Science
and Technology, Wuhan, Hubei 430074, China
3School of Aeronautics and Astronautics,
Shanghai Jiao Tong University, Shanghai 200240, China
Abstract
We devise a novel mechanism and for the first time illustrate that the Higgs model in particle
physics can drive the inflation to satisfy CMB observations and simultaneously enhance the curva-
ture perturbations at small scales to explain the abundance of dark matter in our universe created
in the form of primordial black holes. The production of primordial black holes is accompanied
by the second order gravitational waves induced by the first order Higgs fluctuations which is ex-
pected observable by space based gravitational wave detectors. We propose possible cosmological
probes of Higgs field in the future observations for primordial black holes dark matter or stochastic
gravitational waves.
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INTRODUCTION
The detections of gravitational wave (GW) by the Laser Interferometer Gravitational
Wave Observatory (LIGO) Scientific Collaboration and the Virgo Collaboration [1–7] started
a new era of multimessenger astronomy. It was argued that GW observations can disclose
the property of primordial black holes (PBHs) which could be explained as dark matter
(DM) [8–10]. PBHs can be formed through gravitational collapses of highly overdense in-
homogeneities with density contrast exceeding the threshold value at horizon reentry in
the radiation era [11, 12]. Such large density contrast can arise from the primordial cur-
vature perturbations in inflation. To produce abundant PBH DM, the power spectrum of
the primordial curvature perturbations is required to reach the order As ∼ O(0.01) [13–15].
However, the constrained amplitude of the scalar power spectrum from Planck 2018 mea-
surements of the cosmic microwave background (CMB) anisotropy is As = 2.1 × 10−9 at
the pivot scale k∗ = 0.05 Mpc−1 [16]. In order to produce PBHs, we need mechanisms to
enhance the curvature power spectrum at small scales by seven orders of magnitude of the
CMB observed value. Such enhancement will induce second order GWs (SGWs) after the
horizon reentry [17–30]. The observations of PBH DM and SGWs can provide novel probes
of physics in the early universe.
Assuming the Higgs boson as inflaton and the inflationary Higgs potential in the form
λφ4/4, we find too small scalar spectral tilt ns and too big tensor scalar ratio r to be allowed
by CMB observations. To reduce r, a nonminimal coupling ξφ2R between Higgs field and
gravity was introduced in Higgs inflation [31, 32]. However this nonminimal coupling cannot
provide strong enough curvature power spectrum at small scales. A new Higgs inflation
model with non-minimally derivative coupling Gµν∂µφ∂νφ/M
2 between the kinetic term of
the Higgs field and Einstein tensor Gµν was introduced to reconcile the observables ns and
r to satisfy CMB observations [33–35], unfortunately it cannot generate large enough power
spectrum at small scales. There are other ways to reduce the tensor to scalar ratio r,
for example in the Gauss-Bonnet inflation, but it requires a special relation between the
inflationary potential and the coupling between the inflaton and the Gauss-Bonnet term
[36]. In a single field inflation, it was claimed difficult to enhance the amplitude of the
power spectrum to the order O(0.01) while keep the total e-folding number N ' 50 − 60
[39, 40]. Adopting the observed values of Higgs boson and top quark masses, the coupling
2
λ in the Higgs potential is allowed to become negative from the running of the Higgs self
coupling via the renormalization group equations. In critical Higgs inflation [37], near the
critical point λ = βλ = 0, the curvature power spectrum can be enhanced around the
inflection point in the Higgs potential [38], however such an enhancement is again not big
enough which is less than five orders of magnitude of the CMB measurement. Generalizing
the coupling 1/M2 to a special function g(φ) = d/
√
1 + (φ− φr)2/c2 in the non-minimally
derivative coupling, an enhancement of the CMB power spectrum up to seven orders of
magnitude at small scales was achieved, but the price to pay is to restrict the potential to
be in the specific form φ2/5 [41]. Further attempt by including the non-canonical kinetic term,
similar to what done in k inflation [42, 43] and G inflation [44], was proposed to increase
the curvature perturbation and achieve abundant production of PBH DM and SGWs [45].
In this mechanism the non-canonical kinetic term can succeed enhancing the perturbation
power spectrum at small scales while keeping such effect negligible at large scales. However,
such enhancement contributes up to 20 e-folds in inflation which effectively moves the field
value φ∗ corresponding to the pivotal scale closer to the value at the end of inflation φe.
This in turn leads the observed ns and r inconsistent with CMB observations. It is fair
to conclude that so far there is no available Higgs mechanism that can successfully satisfy
observational requirements of inflation at large scales and simultaneously enhance the power
spectrum at small scales.
Putting aside the detailed dynamics and mechanism of inflation, when the Higgs field
stays in the unstable phase of the Higgs potential during inflation, the quantum fluctuations
of the Higgs field can produce abundant PBH DM [46]. In this mechanism, the Higgs field
is not responsible for inflation. The reasonable question we intend to ask is whether the
standard Higgs field model can drive inflation and produce abundant PBH DM without
introducing other fields beyond the standard model. In this Letter, we devise a novel way in
the framework of a single field inflation model with Higgs potential to enhance the primordial
curvature perturbation at small scales while keep it negligible at large scales. We will show
that this model is consistent with Planck 2018 data and can produce a significant abundance
of PBH DM and SGWs to be detected by the future space-based GW detectors such as LISA
[47, 48], TianQin [49], and TaiJi [50]. In our mechanism, the Higgs field not only drives
inflation but also is responsible for the PBH DM content of our universe. It is interesting to
note that our mechanism does not only work for the Higgs field, it is a general single field
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inflationary model to explain the abundance of PBH DM and can be generalized to other
inflationary field models, for example the T-model.
THE ENHANCEMENT MECHANISM
For a slow roll inflation with the non-canonical kinetic term [1 + G(φ)]φ˙2/2, the power
spectrum of the primordial curvature perturbation is
Pζ =
H4
4pi2φ˙2(1 +G)
≈ V
3
12pi2V 2φ
(1 +G), (1)
where Vφ = dV/dφ and the non-canonical kinetic term may arise from scalar tensor theory
of gravity, G inflation [44] or k inflation [42, 43]. If the function G(φ) has a peak, then the
power spectrum can be enhanced. Motivated by the ω(φ) = 1/φ coupling in Brans-Dicke
theory [51], the function
G(φ) = Ga(φ) =
d
1 + |φ− φp|/c (2)
is used to enhance the power spectrum so as to produce abundant PBH DM and observable
SGWs [45], where d ∼ O(109) gives the amplitude of the peak, c ∼ O(10−10) controls the
width of the peak and the number of e-folds before the end of inflation at the horizon exit
for the pivotal scale, φp determines the position of the peak which is related with the peak
mass of PBH and the peak frequency of SGWs. Away from the peak, |φ − φp|/c  1, the
function Ga(φ) becomes negligible and the usual slow roll inflation resumes. At the horizon
exit, the number of e-folds remaining in the inflation is
N =
∫ φ∗
φe
(1 +G)
V
Vφ
dφ, (3)
where φ∗ is the field value at the horizon exit and φe is the field value at the end of inflation.
Due to the non-canonical term G, the peak in G(φ) contributes up to ∼ 20 e-folds, which
effectively moves φ∗ closer to φe in order to keep the total number of e-folds around 60. The
effective e-folds contributed by the standard slow roll inflation then reduces to around 40, so
that ns and r in this mechanism become incompatible with CMB observations, if we choose
allowed inflationary potentials in standard viable models, but this is the price to pay for the
enhancement of the power spectrum at small scales due to the non-canonical coupling G(φ).
In particular, this mechanism does not work for the Higgs field.
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We devise a new mechanism to enhance the primordial curvature perturbation at small
scales while at the same time predict ns and r from Higgs potential in consistent with
Planck 2018 data. We invent a new coupling function f(φ) which has the chameleon effect
to enhance the curvature perturbations at small scale, while at large scale it can adjust the
predictions of ns and r to meet CMB measurements. The non-canonical term, which might
come from some kinds of scalar tensor theory of gravity, becomes
G = Ga + f(φ). (4)
In the end of the inflation, the scalar field rolls down to its minimum, the non-canonical
term becomes negligible. In our new mechanism, the function Ga(φ) is general but not
restricted to the form in Eq. (2). Introducing the function f(φ) we can modify the shape
of the potential, so that when it is away from the peak φp, the effect of Ga(φ) is negligible
and the function f(φ) dominates. We can change the non-canonical field φ to the canonical
field Φ by the transformation dΦ =
√
f(φ)dφ. In terms of the canonical field, the potential
changes to U(Φ) = V [φ(Φ)]. To show how the mechanism works, without loss of generality,
we take the potential U(Φ) in a power law form U(Φ) = U0Φ
n. We have
ns = 1− n+ 2
2N
, (5)
r =
4n
N
. (6)
Without the enhancement in small scale curvature perturbation, N ∼ 60, it is easy to see
that no chaotic inflation is consistent with observational constraints. However when there
is the enhancement, the effective number of e-folds N for the canonical field is around 40,
so that taking n = 1/3, we get ns = 0.971 and r = 0.033. If we take n = 2/3, we get
ns = 0.967 and r = 0.067. Therefore, depending on the function Ga(φ) and the model
parameters, it is possible that the predictions of these models are consistent with CMB
constraints ns = 0.9649±0.0042 (68% CL) and r0.05 < 0.06 (95% CL) [52]. Given the power
law form for U(Φ) and V (φ), we can get the function f(φ),
f(φ) =
1
n2
(
1
U0
)2/n
V
2
n
−2V 2φ . (7)
From the above argument, we see that our mechanism does not restrict to a specific potential
form. Now we show how the Higgs potential can be used to drive inflation successfully in
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consistent with CMB observations and generate large peak in the curvature perturbations
at small scales.
For the Higgs potential V = λφ4/4, we first take the model U(Φ) = U0Φ
n with n = 1/3
as an example and label it as H1. In this case, the function f(φ) = f0φ
22 with f0 =
9(λ/U0)
6/256. In the low energy regime after inflation, the Higgs field runs away from the
peak and the function f(φ) becomes negligible leading to the negligible non-canonical term.
Choosing the parameters c, d, φ∗, φp, λ and f0 as shown in Table I, and solving the equations
for the background and the perturbations numerically, we get ns = 0.9686, r = 0.0374 and
N = 55.3. The chosen parameter set and the results are shown in Tables I and II. The
power spectrum of the primordial curvature perturbations is shown in Fig. 1.
When the overdense region generated by the primordial curvature perturbations reenters
the horizon in radiation era, it can be a seed to cause gravitational collapse to form PBHs.
The current fractional energy density of PBHs with mass M to DM is [13, 53]
YPBH(M) =
β(M)
3.94× 10−9
( γ
0.2
)1/2 ( g∗
10.75
)−1/4
×
(
0.12
ΩDMh2
)(
M
M
)−1/2
,
(8)
where M is the solar mass, γ = 0.2 [54], g∗ is the effective degrees of freedom at the
formation time, ΩDM is the current energy density parameter of DM, the fractional energy
density of PBHs at the formation is related to the power spectrum of the primordial curvature
perturbations as [55–57]
β(M) ≈
√
2
pi
√
Pζ
µc
exp
(
− µ
2
c
2Pζ
)
,
where µc = 9δc/4 and δc is the critical density perturbation for the PBH formation. We
take ΩDMh
2 = 0.12 [58] and δc = 0.4 [57, 59–62]. Substituting the power spectrum into Eq.
(8), we get the abundance of PBH DM and the result is shown in Fig. 2. We also show the
peak mass and the peak abundance of PBH DM in Table II.
Accompanied by the production of PBHs, the scalar perturbations can induce SGWs
during radiation. The equation for the Fourier components of the second order tensor
perturbations hk is [19, 20]
h′′k + 2Hh′k + k2hk = 4Sk, (9)
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where h′k = dhk/dη, the scalar source
Sk =
∫
d3k˜
(2pi)3/2
eij(k)k˜
ik˜j
[
2Φk˜Φk−k˜ +
1
H2
× (Φ′
k˜
+HΦk˜
) (
Φ′
k−k˜ +HΦk−k˜
)]
,
(10)
H = 1/η, eij(k) is the polarization tensor, the Bardeen potential Φk = Ψ(kη)φk, the transfer
function Ψ in the radiation era is
Ψ(x) =
9
x2
(
sin(x/
√
3)
x/
√
3
− cos(x/
√
3)
)
, (11)
and φk is related with Pζ as
〈φkφk˜〉 = δ(3)(k + k˜)
2pi2
k3
(
2
3
)2
Pζ(k). (12)
The power spectrum of the SGWs is defined as
〈hk(η)hk˜(η)〉 =
2pi2
k3
δ(3)(k + k˜)Ph(k, η), (13)
and the fractional energy density is
ΩGW(k, η) =
1
24
(
k
aH
)2
Ph(k, η). (14)
Combining Eqs. (9)-(14) and the primordial power spectrum Pζ , we obtain ΩGW and the
result is shown in Fig. 3.
To show that the mechanism can give different ns and r, we take the Higg potential with
the power law U(Φ) = U0Φ
2/3 as an example and label it as H2. Taking the parameter
set in Table I, we get ns = 0.9698, r = 0.0632 and N = 61.4. The power spectrum of the
primordial curvature perturbations, the PBH abundance and the energy density of SGWs
are listed in Figs. 1, 2 and 3 respectively.
In order to show that our treatment is not specific to potential form, we generalize our
discussion to the T-model inflation below. For the T-model inflation [63–65]
V = V0 tanh
2m
(
φ√
6α
)
, (15)
we can derive the attractor ns = 1− 2/N and r = 12/N2 which are consistent with Planck
2018 data for N = 50−60. The T-model with m = 1/6 and α = 1 combined with the power
law U(Φ) = U0Φ
1/3 is labelled as T1 and the T-model with m = 1/3 and α = 1 combined
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with the power law U(Φ) = U0Φ
2/3 is labelled as T2. The model parameters and the results
are shown in Tables I and II and Figs. 1, 2 and 3.
From these results, we see that our mechanism is general and appropriate to both the
Higgs field and the T-model. We have shown that both models are consistent with Planck
2018 data. A significant abundance of PBH DM and SGWs can be produced in our mech-
anism applied and not restricted to the two models discussed, which is expected detectable
by LISA/Tianqin/Taiji detectors.
Model d c φp φ∗ λ/V0 f0 N ns r kpeak/Mpc−1
H1 1.05× 1010 2.04× 10−10 1.344 1.40 1.24× 10−9 1 62.3 0.9681 0.0383 4.66× 1012
T1 4.72× 109 8.89× 10−11 0.451 0.81 1.68× 10−9 36 55.6 0.9686 0.0369 2.29× 1012
H2 7.13× 109 1.94× 10−10 1.750 1.88 6.40× 10−10 1 64.2 0.9694 0.0641 3.67× 1012
T2 8.90× 109 4.75× 10−11 0.835 1.35 2.95× 10−9 36 63.4 0.9704 0.0597 5.24× 1012
TABLE I. The chosen parameter sets and the results. H represents the Higgs potential and T
represents the T-model, 1 represents the case n = 1/3 and 2 represents the case n = 2/3. H1
means the model with Higgs potential and the power law potential U(Φ) = U0Φ
n with n = 1/3.
Model Pζ(peak) Mpeak/M Y
peak
PBH fc/Hz
H1 1.16× 10−2 1.70× 10−13 3.57× 10−2 8.11× 10−3
T1 1.21× 10−2 7.05× 10−13 7.64× 10−2 3.54× 10−3
H2 1.15× 10−2 2.73× 10−13 2.64× 10−2 6.40× 10−3
T2 1.10× 10−2 1.34× 10−13 7.12× 10−3 9.13× 10−3
TABLE II. The results for the primordial power spectrum, the peak mass and abundance of PBH
and the peak frequency of SGWs with the chosen parameter sets shown in Table I. H represents the
Higgs potential and T represents the T-model, 1 represents the case n = 1/3 and 2 represents the
case n = 2/3. H1 means the model with Higgs potential and the power law potential U(Φ) = U0Φ
n
with n = 1/3.
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FIG. 1. The results for the power spectrum of the primordial curvature perturbations. H represents
the Higgs potential and T represents the T-model, 1 represents the case n = 1/3 and 2 represents the
case n = 2/3. H1 means the model with Higgs potential and the power law potential U(Φ) = U0Φ
n
with n = 1/3.
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FIG. 2. The results for the PBH abundance. The shaded regions show the observational constraints
on the PBH abundance. The models are the same as those in Fig. 1.
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FIG. 3. The results for SGWs along with the sensitivity curves for different GW detectors. These
SGWs can be detected in LISA/TaiJi/TianQin because their amplitudes are above the sensitivity
limits. The models are the same as those in Fig. 1.
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CONCLUSION
In this work we proposed a novel mechanism to resolve the contradiction in the original
non-canonical kinetic mechanism of simultaneously requiring the enhancement of the cur-
vature perturbations at small scales and keeping the model predictions in consistent with
CMB observations at large scales. We found that with this mechanism Higgs field infla-
tionary model becomes viable. In our method, the function Ga(φ) peaks near the end of
inflation thereby the enhancement of the power spectrum happens at small scales only. Such
peak contributes about 20 e-folds during the enhancement. To keep the number of e-folds
to be 50− 60, the field value φ∗ at the horizon exit moves closer to the field value at the end
of inflation and the slow-roll contributions to ns and r are changed. Away from the peak,
the function Ga(φ) is negligible and the usual slow roll inflation applies, the non-canonical
term with the function f(φ) ensures the power spectrum at large scales to be consistent
with CMB observations. In our mechanism, the observables ns and r are not sensitive to the
inflaton potential, where both Higgs potential and the general T-models can be employed
to describe the Planck 2018 observations. The mechanism does not restrict the functions
Ga(φ) and f(φ) to particular forms used in this Letter, other forms are permitted.
The Higgs boson of the standard model of particle physics is responsible not only for the
masses of elementary particles, but can act as an inflaton to drive inflation to meet CMB
measurements. Furthermore, we have shown that it can explain the DM content of our
universe in the form of PBHs. The SGWs induced by the large first order Higgs fluctuations
at small scales can be observed by the space based GW observatories, such as LISA, Taiji
and Tianqin. Future GW observations can grasp more signatures of Higgs field through
PBHs DM and SGWs.
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